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ABSTRACT
Fatigue is the most common cause of fractures in racing horses. Bone adaptation can be
driven by mechanical loading, and exercise during youth has been shown to have life long
benefits for bone health. However, normal development must be characterized in order to
evaluate the effect of exercise during post-natal skeletal development. Three Standardbred
trotting colts were longitudinally CT scanned between 2 and 12 months old. Finite-element
models were constructed of the left forelimb proximal phalanx (P1) bone and used to simulate
the loading during quiet standing. Changes in mineral density and bone area fraction in the
distal, diaphysis, and proximal regions were evaluated. The diaphysis of the P1 maintained
constant strain energy density (SED) during growth, indicating adaptation to the standing
condition. The proximal region experienced the most changes in mineral density and bone
area fraction in the medial quadrant, which is the quadrant most loaded when young horses
graze. The data presented provides a benchmark of normal growth trajectories that can be
used to evaluate the effect of training regimens during growth.
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CHAPTER 1
INTRODUCTION
Although equine fractures can occur during a racing event, many occur during training.
Epidemiological studies of racehorses in training in the United Kingdom have found that
between 48% [1] and 78% [2] of reported fractures occurred during training. Currently iden-
tified risk factors for fracture include race length, age, number of previous races/workouts,
footing type and condition, and field size [3, 4]. There have been efforts to address these risk
factors, however, post-mortem analyses have shown that the presence of bone micro-cracks
increases with age, increased cyclic loading, and is concentrated in areas of catastrophic
fracture [5, 6]. Fatigue fractures, the primary source of horse fractures, occur when micro-
cracks coalesce and extend [6]. Due to the scale of micro-cracks (on the order of 100-500 m),
it is difficult to diagnose horses at risk for fatigue fracture using in vivo imaging methods
[5]. The metacarpophalangeal (MCP) joint experiences the highest joint forces in the distal
forelimb [7], and is where the majority of fatal musculoskeletal injuries occur in racing horses
[8]. The proximal phalanx (P1), a bone in the MCP joint, accounts for approximately 25%
of all distal forelimb fractures for racing Thoroughbreds [2] and Standardbreds [9].
Fracture risk is affected by the type and orientation of loading in the limbs, and the
mechanical strength of each bone [10, 11]. Bone quality depends on material properties such
as mineral density (ρ) and Young’s modulus (E) as well as the structural organization of bone
at multiple length scales. During growth, the musculoskeletal system faces the challenge
of synergistically regulating muscle and bone properties to accommodate the mechanical
demands associated with increasing size and speed. While mechanical testing has shown
that fracture loads increase with age in the long bones of gulls and rabbits, the increase
in fracture load relative to expected loads has not been established because of the lack of
data on physiological loads. Understanding bone regulation during growth will allow for
the identification of critical time points during bone development that may prime bone for
modeling or conversely place it at risk of fracture.
Bone functional adaptation is driven, in part, by the mechanical environment [12]. Strain
levels above the optimum customary level leads to bone remodeling and deposition of bone
tissue, which acts to reduce the strain back to an acceptable level [12]. Strain energy den-
sity (SED) is a measure of the energy required to cause deformation, and can be used as a
predictor of bone adaptation [13]. For example, constant SED within a bone area during
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growth indicates that the bone has adapted to the increasing loads that accompany increased
mass. Exercise increases strain in the bone and may be a method for directing bone remod-
eling. A relatively short duration of mechanical loading in rat ulnae enhanced the structural
properties of bone, leading to increased resistance to fatigue loading [14].
Exercise during youth, when bone is highly adapting to mechanical loads, has been shown
to provide lifelong improvements in mechanical strength of bone [15]. Thoroughbred foals
exercised 5 days a week for 18 months showed increased diaphyseal total cross-sectional area
and resistance to bending and torsional deformation in the P1 bone compared to control
foals [16]. The same horses went on to train and race as 2- and 3-year olds, and showed signs
of orthopedic injury later than their control counterparts [17]. Early age exercise had no
long term negative effects and was indicated to benefit bone strength and articular cartilage
cellular integrity [18]. However, before exercise can be used as an intervention method to
direct bone growth, we first need to understand normal growth and adaptation. Specific
growth trajectories, including gross bone measurements and regional density, have not been
identified for many bones in the horse, including the fracture-prone proximal phalanx.
Computed tomography based finite-element analysis (FEA) has been used as a predictor
of bone strength and strain in both humans and animals [19, 20, 21]. These models capture
the complex geometry of bone as well as subject-specific material properties. Several finite
element models of the equine MCP and P1 exist [19, 22, 23]. The P1 has been shown to
have increased stress in proximal locations that are prone to fracture [22]; however, this
assessment was based on a model with a uniform Young’s modulus for each cortical and
trabecular bone, and was based on a CT scan of an adult P1 bone. To our knowledge, no
other study has developed subject-specific finite-element models of the proximal phalanx
bone during growth.
The objective of this study was to characterize how the forelimb proximal phalanx bone
adapts to changing loads during growth through the use of longitudinal CT scans during
the first year of age. Our aims were to (1) determine how structure and composition change
in the P1 with increases in mass, (2) model SED in the bone during growth while standing
and (3) evaluate the amount of local bone change in structure and composition that occurs
in areas that previously showed high SED.
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CHAPTER 2
LITERATURE REVIEW
2.1 Clinical Problem
Many fractures in racehorses occur during training. In a two-year period, 80% of fractures
will occur in training, with 84% of these fractures being stress or fatigue fractures [2]. Sev-
eral studies have shown that micro-cracking increases with age (and more cyclical loading),
concentrating in the areas of catastrophic fracture [5, 6]. Most fractures that occur in horses
are the result of fatigue fractures extending to a macro-crack, often called a stress fracture
[6]. The metacarpophalangeal (MCP) joint, commonly called the fetlock (Fig. 1), experi-
ences the highest joint forces in the distal forelimb [7], and is the joint where the majority
of fatal musculoskeletal injuries occur in racing horses [8].
Figure 1: Relevant anatomy of the equine left forelimb in the (A) sagittal and (B) frontal
planes.
The proximal phalanx (P1) is a bone in the fetlock joint that accounts for approximately
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25% of all distal forelimb fractures for racing Thoroughbreds [2] and Standardbreds [9].
Currently identified risk factors for fracture include race length, age, number of previous
races/workouts, footing type and condition, and field size [3, 4]. Ellis et al. introduced
a method of classifying proximal phalanx fractures that combined several other methods.
In the P1, the most common type of fracture, other than chip fracture, is called simple
sagittal fracture and occurs in approximately 80% of fractures (Fig. 2) [24]. Within Type
1 fractures, the most common type to occur is 1i, which is the short incomplete sagittal
fracture. Additionally, over 75% of Type 1 fractures occurred lateral to the midline [24].
Figure 2: Types of fractures in the P1 [24].
2.2 Bone as an adaptive material
2.2.1 Material Properties
Most mechanical tests of equine bone are of the third metacarpal (MC3) bone because it
is easier to extract samples from a long bone. Bigot et al. cut rectangular beam samples
(70 x 1.8 x 4.5 mm) from diaphyseal cortical bone of MC3 and third metatarsal (MT3)
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bones from French saddle horses spanning 1 day to 4 years of age [25]. These samples were
tested in 4-point bending. Lateral and medial quadrants had significantly higher bending
strengths (Sb = 226 ± 27 MPa) and Young’s moduli (E = 16 ± 2 GPa) than the dorsal
and palmar quadrants, across all ages (Fig. 3). Les et al. tested right-cylinders of MC3
cortical bone in compression and also found that lateral and medial bone samples were
stiffer, with an average Young’s modulus of 15 GPa [26]. Additionally, they found that
cortical bone from the diaphysis of the MC3 was significantly stiffer, and had higher yield
stress, than metaphyseal cortical bone (Fig. 4) [26]. These values are consistent with other
studies relating material properties to estimates of density from computed tomography (CT)
scans that show an elastic modulus of 15-20 GPa for dense bone [27]. Bending strength and
Young’s modulus were positively correlated with age (p < 0.01) and body weight of the
horse (p < 0.001) [25]. Lawrence et al. found that modulus of elasticity increases linearly
with log10 of age and that breaking strength of the whole MC3 in 3-point bending peaked
at 6.3 ± 1.2 years of age [28].
Figure 3: Average bending properties from diaphyseal cortical bone of MC3/MT3 of growing
horses [25]. Cranial refers to dorsal and caudal to palmar.
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Figure 4: Elastic modulus (a) and yield and ultimate stress (b) of MC3 cortical bone in
compression [26]. Levels with one or more letters in common are not significantly different from
each other.
2.2.2 Density
Bone mineral content (BMC) is often used as a measure of bone strength by quantifying
the mineral present in sample of ashed bone. Maximum BMC in the diaphysis of the MC3
was reached at 6.0 ± 1.8 years of age, with 76% of maximum BMC achieved by 1 year
of age [28]. Young’s modulus of MC3 diaphyseal cortical bone is positively correlated with
mineral (p < 0.0001) and calcium (p < 0.0001) content [25]. Les et al. correlated mechanical
properties of the MC3 with density and equivalent phantom density from CT. They found
that ash density was most similar to phantom (K2HPO
4) density (Fig. 5) and that elastic
modulus is exponentially related to equivalent phantom density (Fig. 6) [27].
Figure 5: Wet, dry, and ash density as a function of phantom (K2HPO4) equivalent density
(PPED). The solid line represents density equal to PPED [27].
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Figure 6: Elastic modulus as a function of phantom (K2HPO4) equivalent density (PPED) [27].
Cortical and trabecular bone may be segmented from CT scans by using density thresholds.
Firth et al. defined trabecular bone to be within 0.28 – 0.70 g/cm3 and cortical bone to be
0.71 g/cm3 and denser in the equine distal limb [16].
2.2.3 Structure
2.2.3.1 Macrostructure
General structure of the left forelimb P1 at 9 weeks and 57 weeks of age is shown in Figure
7. The P1 is approximately 10 cm in length. Figure 8 shows different cross-sections of CT
scans for the left P1. The distal growth plate fuses before birth, while the proximal growth
plate is completely closed by approximately 8 months of age for various breeds [29].
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Figure 7: Structure of the left forelimb P1 at 9 and 57 weeks of age.
Figure 8: Sagittal and transverse (at 30% of max length from distal end) of the left forelimb
proximal phalanx.
2.2.3.2 Equine bone structure
Equine bone contains osteons, as well as Haversian and Volkmann’s canals. Birefringence
revealed that collagen in the lateral diaphyseal cortex of the MC3 is more longitudinally
oriented than the medial or dorsal cortices [30]. Remodeling in the MC3 is greater in the
dorsal and medial cortices than lateral cortex, and is associated with more transversely
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oriented collagen fibers [30]. Medial and lateral regions of the MC3 diaphysis have signifi-
cantly larger diameter osteons (p = 0.0001) than the dorsal aspect (Fig. 9), and had more
circumferentially wrapped outer lamellae [31].
Figure 9: Cement line (outer) diameters of osteons in different regions of the MC3 diaphysis
[31].
2.2.3.3 Remodeling of bone in response to exercise
Bone repairs local damage via remodeling – bone is removed and replaced at the same
location. During remodeling, there is a time when the bone has decreased volume fraction,
after the damage has been resorbed and before new bone has been laid down. A potential
cycle for the process of damage and remodeling is shown in Figure 10. The exact timeline
for adaptive remodeling is horses is unknown [6].
Figure 10: Hypothetical cycle of bone remodeling [6].
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According to Frost’s mechanostat model, bone strain must surpass a threshold for (re)modeling
to occur [32]. However, sustained high strains may suppress bone remodeling while micro-
damage accrues [32]. During a rest period, with low strain, resorption begins and bone
porosity is increased. If the high strain activities are resumed before new bone formation
is complete, which may take several months, the bone is weaker and more susceptible to
fracture [6]. This hypothesis is supported by epidemiological studies where horses with a
significant rest period were more at risk for fracture upon returning to racing [3].
2.3 Limitations of what is known
Although many consider the legs of a horse to be fully mature by 2 years of age, the entire
skeleton is not mature till approximately 5 or 6 years of age, depending on breed and sex.
In fact, a study of 64 Icelandic horses found that growth plates in the digits were the first to
close (8.1 - 8.5 mo), then radius (27.4 - 32.0 mo), tuber olecrani (31.5 - 32.2 mo), and finally
the stifle (27.0 - 40.1 mo) [29]. As mentioned previously, maximum bone mineral content
was achieved by 6 years of age [28], at which age most race horses have finished their careers.
Specific growth trajectories, including gross bone measurements and regional density, have
not been identified for many bones in the horse, in particular the proximal phalanx.
I will develop a comprehensive growth timeline for the left forelimb equine proximal pha-
lanx bone, with the intent of determining a time during growth where the bone is most
responsive to an intervention.
2.4 Previous Approaches
2.4.1 Introduction to the Finite-Element Method
Computed tomography based finite-element analysis (FEA) has been widely used, and
validated, as a predictor of bone strength and strain in both humans and animals [19, 20, 23].
The availability of CT scans make it possible to produce highly accurate and personalized
bone models, without sacrificing the subject. Imaging phantoms, such as hydroxyapatite
or Cann-Genant (K2HPO
4), may be used to correlate image intensity (Hounsfield unit)
to a known density that is then converted to apparent bone density and elastic modulus.
Several software exist (Bonemat, Mimics, ScanIP) to apply the mathematical relationships
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and assign material properties element-by-element.
2.4.2 Existing Equine FE Models
Harrison et al. developed a comprehensive, validated FE model of the left forelimb MCP
joint, specific to a 5 year old thoroughbred horse [19]. The model contained the distal
MC3, proximal sesamoid bones, and proximal P1 bones, as well as all tendons and ligaments
around the joint. The aim of the paper was to characterize the influence of gait speed on
joint contact forces and cartilage stress. Since the focus was on articular cartilage, the bones
were modeled as rigid shell elements. Although this model is validated and advanced, our
focus is on bone strain during growth, which is not covered in this model.
O’Hare et al. developed a finite element model to understand the response of the P1 to
different gait loads [22]. Model geometry was taken from a micro-CT scan of one Thor-
oughbred racehorse. Cortical bone and trabecular bone were separated, and given uniform
elastic moduli of 18 GPa and 1.5 GPa, respectively. Force loads were taken from literature
and applied to nodes at the proximal end of the P1. This model was not validated with
experiments, did not vary elastic modulus within cortical and trabecular bone, and was run
on adult P1 geometry.
McCarty et al. recently developed FE models of the right MCP joint for healthy and
osteoarthritic conditions [23]. These modeled contained the distal MC3 and proximal P1
bones only. Their focus was to examine subchondral bone stresses during impact loading,
and compare them to midstance loads. Material properties were assigned on an element-by-
element based on converting Hounsfield unit (HU) to density, and then density to Young’s
modulus. This model was validated experimentally, assigned element specific material prop-
erties, but was evaluated on adult limbs only.
None of these models address the need to understand more about strains in developing
equine forelimb.
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CHAPTER 3
METHODS
3.1 Subjects
All protocols were approved by the Institutional Animal Care and Use Committee at
University of Illinois at Urbana-Champaign (UIUC). Computed tomography (CT) scans of
the distal forelimbs were obtained for 3 male, trotting Standardbred foals that were free of
lameness. All foals were born at the UIUC Horse Farm and raised at pasture. Scans were
collected periodically from 8 weeks to 1 year of age: Foal 1 (F1) at 11, 19, 28, 36, 47, and
57 weeks; Foal 2 (F2) at 9, 14, 17, 21, 25, 33, and 41 weeks; Foal 3 at 7, 12, 16, 19, and 24
weeks (Fig. 11A).
3.2 Imaging
During all imaging sessions, subjects were anaesthetized (sedation by xylazine, induction
with ketamine and midazolam, maintenance on isofluorane) and monitored. Distal forelimbs
were scanned in the transverse plane at 120 kVp, 50 cm field of view, and 512 x 512 matrix
size on a LightSpeed-16 (GE Medical Systems). Nominal voxel dimensions were 0.76± 0.15
mm in-plane with depths of 0.66±0.15 mm. Hydroxyapatite phantoms (CIRS Inc) of density
0, 25, 100, 500, and 750 mg/cm3 were included in all scans (Fig. 11B).
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Figure 11: Development of subject-specific finite-element models and CT scan analysis. (A)
Data collected longitudinally for three foals; (B) CT scan of distal left forelimb; (C) proximal
phalanx segmented from the scan and Young’s modulus shown; (D) boundary conditions of the
finite-element model; (E) example of quadrant analysis, shown for the diaphysis.
3.3 Bone Properties
The computed tomography images were then aligned, without interpolation, such that
the sagittal groove of the P1 was vertical in the image (Fiji [33]). For each timepoint,
Hounsfield units (HUs) within the scan volume were converted to mineral density using a
linear calibration equation obtained from the hydroxyapatite phantoms. Next, the left P1
was semi-automatically segmented (Fig. 11C, Amira 5.6). Cortical and trabecular bone
compartments were separated using previously established apparent density thresholds [16]:
cortical = ρ ≥ 0.71g/cm3 (3.1)
trabecular = 0.28 < ρ < 0.71g/cm3 (3.2)
Three regions of interest along the bone were evaluated: distal and proximal epiphyses,
and mid-diaphysis (horizontal lines in (Fig. 11D). The proximal and distal cross-section
of interest was identified as the section within the epiphysis with the largest total cross-
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sectional area. The mid-diaphysis (referred to as diaphysis from now on) was defined as the
location of minimum total cross-sectional area. Within each cross-section, cortical and tra-
becular bone were analyzed separately. Cortical and trabecular bone area fraction (BA/TA)
was calculated, and similarly the average apparent mineral density within the cortical and
trabecular compartments was calculated. These three regions of interest (proximal, diaph-
ysis, and distal) were further sectioned into functional quadrants (dorsal, medial, lateral,
palmar) by identifying the centroid of the cross-section and bisecting the cross-section using
lines oriented at 45o and 135o with respect to the dorsal-palmar axis (Fig. 11D). Quadrant
specific values of apparent mineral density and BA/TA were then analyzed. All analyses
were performed using custom code (Matlab, Mathworks, Natick, MA).
3.4 Finite Element Modeling
Subject-specific finite element (FE) models were constructed for each time point during
the first year of growth (Fig. 11E). Surface models (STL) of the left P1 were smoothed
(Geomagic Design X, 3D Systems) and converting to solid models for assembly in a finite
element software (Abaqus 6.14, Simulia). Models were seeded globally at a size of 1.2mm and
meshed using quadratic tetrahedral elements. Density was converted to Young’s modulus
using a relation (Equation 3.3) for equine bone developed by Les et al. [27] and used to
assign individual elements modulus values (Bonemat v3.2).
E = 9040ρ2.35 (3.3)
Previous observations by our group have shown that Standardbred foals between the ages
of 2 and 5 months spend more than 80% of their time standing quietly, during which the
forelimbs carry approximately 60% of the body weight [34]. Therefore, a compressive load of
30% of body weight times the gravitational constant was applied to the proximal articulating
surface of the model of the P1. The load was applied at 145o from the dorsal aspect of the
bone, to simulate standing posture [35]. An equal and opposite load was applied to the
distal articulating surface of the bone. Soft tissue constraints were imposed using linear
springs applied to the proximal and distal surfaces. Proximal springs had a stiffness of 200
N/mm, while the distal stiffness was 500 N/mm. Stiffness values were chosen to approximate
the constraining effects of the superficial digital flexor tendon accessory ligament [36], joint
congruency, and other soft tissues.
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Strain energy density under the stance loading condition was calculated using a linear
implicit analysis. The mean strain energy density for cortical and trabecular bone was
calculated at the same regions of interest used for bone property analysis. Elements with
mineral density values below the bone threshold were excluded from the analysis.
3.5 Statistical Analysis
All statistical analyses were performed in RStudio (Version 1.2.1335). Correlations be-
tween mass and parameters of interest (strain energy, mineral density, and bone area fraction)
were analyzed using linear regressions. Statistical significance of the Pearson’s correlation
coefficient was assessed at α = 0.05). Trends in data were considered for 0.05 ≥ p < 0.1.
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CHAPTER 4
RESULTS
4.1 Strain energy density, mineral density, and structure during
growth
Strain energy density (SED) in both the distal and proximal regions increased with increas-
ing mass (Fig. 12A). Within the proximal region, SED was uniform between the trabecular
and cortical compartments. SED in trabecular bone of the diaphysis was low and nearly
constant, while there was a slight increase in cortical SED. Cortical mineral density accrual
was similar in all three regions, and was higher than trabecular mineral density accrual (Fig.
12B). Cortical bone in the diaphysis was more dense than cortical bone in other regions.
Bone area fraction trends for cortical and trabecular bone in the distal and proximal regions
were very similar - cortical area fraction increased and trabecular area fraction decreased
(Fig. 12C). Cortical area fraction in the diaphysis was higher than cortical area fraction in
the distal and proximal regions.
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Figure 12: Properties at cross-sections of interest correlated to increases in mass. (A) Average
strain energy density in the cross-section of interest; (B) average apparent mineral density; (C)
bone area fraction (bone area/total area). First column in each subfigure is the distal region,
second column is the diaphysis, and third column is the proximal region.
4.2 Changes in structure and density in anatomical quadrants
4.2.1 Structure
Cortical BA/TA accrued at a uniform rate in all quadrants of the diaphysis (Fig. 13A),
ranging from 0.069 - 0.08 %/kg. Most changes in cortical and trabecular BA/TA in the
proximal region occurred in the dorsal and medial quadrants. Cortical bone accrued at a
rate of 0.15 and 0.18 %/kg (dorsal and medial, respectively) while trabecular bone area
decreased by -0.15 and -0.16 %/kg. Increases in distal region cortical bone area fraction
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Figure 13: Bone area fraction percentages in quadrants of the proximal phalanx bone for (A)
cortical and (B) trabecular bone. Solid blue and red lines represent the growth trend from 100 to
400kg, respectively. Bar plots represent the accrual rates (change in density/change in mass) for
each quadrant.
accrual were matched by equal decreases in trabecular bone area fraction accrual (Fig. 13B).
Within the distal region, the medial quadrant experienced the most change in both cortical
and trabecular bone area fraction accrual.
4.2.2 Density
Cortical mineral density in the distal and proximal regions accrued fastest and at similar
rates in the dorsal and medial quadrants, ranging from 0.56 - 0.58 (mg HA/cm3)/kg (Fig.
14A). The diaphysis had similar cortical mineral density accrual rates in all quadrants, span-
ning 0.45 - 0.59 (mg HA/cm3)/kg. Trabecular mineral density decreased in all quadrants of
the diaphysis, and increased most rapidly in the medial quadrant of the proximal region (Fig.
14B). Trabecular density accrual in the distal region was highest in the lateral quadrant.
18
Figure 14: Apparent mineral density in quadrants of the proximal phalanx for (A) cortical and
(B) trabecular bone. Density in mg HA/cm3 is plotted on the radial axis of the polar plots. Solid
blue and red lines represent the growth trend at 100 and 400kg, respectively. Bar plots represent
the accrual rates (change in density/change in mass) for each quadrant and region.
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CHAPTER 5
DISCUSSION
Our measurements of total bone area in the diaphysis are higher than those reported
by Firth et al [16]. However, both sets of data follow an exponential curve during growth
with similar exponents (our data follows x0.2628, Firth data follows x0.2882) (Appendix F,
Fig. 21A). Some interbreed differences are expected, as the Firth study was conducted in
Thoroughbred horses while ours was in Standardbreds. Despite these potential differences,
our measurements for bone mineral density in the mid-diaphysis are comparable in value
and have similar growth trends (Appendix F, Fig. 21B) [16].
Several groups have applied rosette strain gages to the midshaft of the third metacarpal
(MC3) bone and measured strain during different in vivo exercises [37, 38]. Neither group
measured SED during quiet standing, but SED during the stance phase of the walk ranged
from 0.3 - 33 µJ/mm3 [38]. Our SED results, which are the average of a cross-section and
from the proximal phalanx bone, are comparable to the minimum SED during walking.
The diaphysis maintained constant SED during increases in mass, indicating that it has
adapted to the standing loading condition, by having more mineralized cortical bone and
more cortical bone area fraction than the distal or proximal regions (Fig. 12). The distal and
proximal regions both had increasing SED during growth, indicating they were not adapted
to the quiet stance loading condition. Both regions had similar accrual trends for mineral
density and bone area fraction.
Changes in mineral density and bone area fraction in the diaphysis were fairly similar in
all quadrants, particularly cortical bone changes. Apparent mineral density and bone area
fraction accrual are quadrant dependent in the proximal and distal regions, with the medial
quadrant experiencing the most change. Foals must spread their forelimbs out laterally in
order for their head to reach the ground to eat. This posture causes the medial aspects of
the limbs to take more of the load. The proximal and distal regions both experienced large
changes in bone area fraction and density accrual in the medial quadrants. Our FE models
show higher SED in the medial aspect of the proximal region, perhaps driving the bone
changes that occur in that quadrant. Most simple fractures to the proximal phalanx start
on the lateral side of the sagittal groove [24], in the lateral quadrant of the proximal region.
The propensity to fracture on the lateral aspect may be due to the relatively low cortical
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bone fraction and decreased degree of mineralization compared to the medial aspect.
While this study presents the first longitudinal assessment of equine bone properties during
growth, it is not without limitations. Our sample size was limited to three subjects, however,
all but three of the linear fits shown in Fig. 12 are significant, leading us to believe the
work presented here represents the normal development of the left proximal phalanx bone
in Standardbred foals. Our analysis is bolstered by the use of mass as an independent
variable which minimizes age-related size differences. The use of clinical level CT data is
an unavoidable limitation, and the in-plane voxel dimensions may lead to an underestimate
of cortical bone area in the epiphyses through partial volume effect if cortical thickness is
smaller than one voxel.
In summary, this work will aid in developing a predictive model of equine bone mod-
eling and remodeling in response to normal muscle and joint forces, that will be used to
predict where bone will occur in response to exercise. Our results complement what is
known observationally about how foals spend their time. The data presented here provides
a strong understanding of normal growth of the left forelimb proximal phalanx, establishing
an important baseline for the evaluation of exercise intervention programs during growth.
This information is an essential prerequisite to making evidence-based recommendations for
training regimens that encourage bone growth in areas prone to fracture during development,
when bone is growing and acclimating to its mechanical environment. A properly prepared
musculoskeletal system may lead to fewer fractures, thus reducing the unnecessary wastage
of equine athletes.
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CHAPTER 6
LIMITATIONS AND FUTURE WORK
6.1 Limitations
As mentioned previously, this study has several limitations. The sample size is limited to
3 subjects, however, all were male Standardbred trotters (a type of horse) and were raised
in the same manner and housing condition. Additionally, the significant fits for the data
presented in Fig. 12 indicate good agreement of our measurements across samples.
Voxel size was not kept consistent across all scans (Appendix A, Table 2). Smaller voxel
size allows us to better estimate the amount of cortical bone in the epiphyses, where the
cortical shell is thin. Larger voxel sizes, where the size of the voxel may be larger than
cortical thickness, may lead to an underestimate of cortical bone area and density through
partial volume effect.
The first scan for F1 (11 wks) did not include CT scan phantoms. The calibration equation
used for this age was borrowed from the second scan for F1 (19 wks). These scans were 8
weeks apart and the calibration may have drifted slightly. Finally, the first four scans for
F1 (11-36 wks) were calibrated with small phantoms. Larger phantoms (8 mm diameter
cylinders, 50 mm long) were used for all remaining scans.
6.2 Future Work
The same data set will be used to build FE models at the walk and trot gaits. SED at
those gaits will be evaluated and compared to density and bone area growth trends. Similar
analysis as that presented here will be performed on the left third metacarpal bone (MC3),
which accounts for approximately 25% of fractures in racehorses [39, 2]. When possible,
more control foals will be added to the data set to strengthen our understanding of normal
bone growth in the P1. Finally, this data set will contribute to developing a bone remodeling
algorithm for bones at high risk of fracture in equine athletes.
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APPENDIX A SCAN SETTINGS
Table 1: Specific information for each scan. Voxel X, Y refers to in-plane dimensions in
mm, while Voxel Z refers to depth in mm. Conv. Kernel stands for convolution kernel,
which is a setting found in the DICOM information. Rot. (CW +) is the rotation in
degrees so that the dorsal aspect of the bone is on the top side of the image.
Foal Age (wks) Voxel X, Y Voxel Z Conv. Kernel Rot. (CW +)
F1
11 0.976562 0.625 BonePlus -38.93
19 0.976562 0.625 BonePlus 53.13
28 0.78125 1.25 Bone -113.39
36 0.976562 0.625 Detail 110
47 0.78125 0.625 Detail 104
57 0.976562 0.625 Bone 119.75
F2
9 0.740234 0.625 Detail 34.38
14 0.683594 0.625 Detail 57.72
17 0.683594 0.625 Detail 27.15
21 0.703125 0.625 Detail 32.24
25 0.703125 0.625 Detail 23.03
33 0.703125 0.625 Standard -6
41 0.878906 0.625 Detail -90
F3
7 0.576172 0.625 Detail 31.5
12 0.515625 0.625 BonePlus 4.35
16 0.515625 0.625 Detail 52.87
19 0.703125 0.625 Detail 24
24 0.878906 0.625 Detail 20.14
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APPENDIX B WHOLE CROSS-SECTIONAL
PROPERTIES ALONG BONE LENGTH
Figure 15: Area in each cross-section along the length of the bone. The midpoint of each
sample is plotted at 0 mm, with the proximal end plotted in the positive mm and the distal end
in the negative mm.
28
Figure 16: Average apparent mineral density in each cross-section along the length of the bone.
The midpoint of each sample is plotted at 0 mm, with the proximal end plotted in the positive
mm and the distal end in the negative mm.
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Figure 17: Bone area fraction in each cross-section along the length of the bone. The midpoint
of each sample is plotted at 0 mm, with the proximal end plotted in the positive mm and the
distal end in the negative mm.
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APPENDIX C HOW REGIONS OF INTEREST
WERE CHOSEN
Figure 18: Example of how the regions of interest were chosen. Purple line is a representative
cross-sectional area plot. The distal and proximal regions of interest were the locations of
maximum area in those epiphyses. The diaphysis region of interest is the location of minimum
cross-sectional area, which occurred at L/3 proximal from the distal region of interest. These
locations were used to for the analysis of all metrics.
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APPENDIX D QUADRANT TRENDS
Figure 19: Average apparent mineral density for cortical and trabecular bone in the distal,
diaphysis, and proximal regions of interest and the dorsal, medial, palmar, and lateral quadrants.
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Figure 20: Bone area fraction for cortical and trabecular bone in the distal, diaphysis, and
proximal regions of interest and the dorsal, medial, palmar, and lateral quadrants.
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APPENDIX E MODEL SPECIFICS
Table 2: Specific information for each model. The model for F1 28wk was removed from
analysis.
Foal Age (wks) # Elements # Materials Max Young’s Modulus (MPa)
F1
11 247,091 82 12,358
19 283,621 83 12,454
28 - - -
36 312,772 86 17,084
47 277,067 87 15,176
57 270,718 125 25,326
F2
9 253,504 130 19,574
14 264,784 84 16,817
17 285,696 109 21,792
21 260,015 87 17,443
25 248,930 95 14,163
33 283,356 97 14,444
41 268,593 72 14,305
F3
7 206,070 96 19,175
12 228,622 89 17,965
16 207,636 83 16,637
19 245,611 91 18,147
24 253,238 77 15,294
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APPENDIX F FOAL GROWTH DATA
Figure 21: Data from the control foals in the study by Firth et al. [16]. (A) Bone area in the
diaphysis of the proximal phalanx bone; (B) apparent mineral density in the diaphysis of the
proximal phalanx bone.
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